We have measured the kinetic energy of positronium (Ps) atoms emitted into a vacuum from a porous silica film subsequent to positron bombardment, via the Doppler spread of the linewidth of the Ps 1 3 S-2 3 P transition. We find that the deeper in the target film that positrons are implanted the colder is the emitted Ps, an effect we attribute to cooling via collisions in the pores as the atoms diffuse back to the film surface. We observed a lower limit to the mean Ps kinetic energy associated with motion in the direction of the laser, E x = 42 ± 3 meV, that is consistent with conversion of the confinement energy of Ps in the 2.7-nm-diameter pores to kinetic energy in vacuum. An implication is that a porous sample would need to be composed of pores greater than around 10 nm in diameter in order to produce thermal Ps in vacuum with temperatures of less than 100 K. By performing Doppler spectroscopy on intense pulses of Ps we have experimentally demonstrated the production of many excited-state Ps atoms simultaneously, which could have numerous applications, including laser cooling and fundamental spectroscopic studies of Ps and the production of antihydrogen.
I. INTRODUCTION
Positronium (Ps), the metastable electron-positron bound state [1] , may be produced with high efficiency by implanting a low-energy positron beam into an appropriate target [2] : if a metal is used Ps may be created at the surface [3, 4] but not in the bulk material, since screening by the conduction electrons prevents Ps binding [5] . If an insulator is used Ps can be formed in the bulk material [6] or at the surface [7] .
In recent years considerable attention has been given to the production of Ps in various porous insulators or semiconductors [8] in view of their potential importance to microelectronics [9] , catalysts [10] , and many other applications. Positronium produced in this kind of target is mostly created in the bulk material, from where it may diffuse to the internal pores. Once in a void Ps can live for a significant fraction of the vacuum lifetime, depending on the pore size [11] [12] [13] . In general such Ps atoms will lose energy via collisions with the internal pore surfaces, become trapped in the pores, and cool down to near thermal energies.
The details of the pore structure can strongly affect the subsequent behavior of Ps created in this way. If the pores are isolated then the Ps will simply be localized within them. If they are interconnected Ps will diffuse between different pores and if the interconnects extend to the target surface Ps may be emitted into vacuum. Moreover, it is possible to produce well-defined pore structures, such as aligned channels in one or two dimensions or three-dimensional arrays [14] , the nature of which can also play a role in positronium characteristics.
Such materials are well suited to the study of fundamental interactions between Ps atoms [15] since a porous structure may act essentially as a trap and increase the likelihood of more than one atom being in the same void at the same time, if the instantaneous positron beam density is high enough. Implanting intense positron pulses into porous silica films has made it possible to observe the spin exchange quenching of long-lived triplet Ps states [16] and the formation of molecular Ps [17] . Extending these methods is expected to lead to the production of higher Ps densities, with the eventual goal of producing a Bose-Einstein condensate [18] . A critical aspect of this work is the production of low-temperature Ps, which is necessary to facilitate the phase transition from a thermal cloud to the condensed state.
Another area in which cold Ps may prove useful is the production of antihydrogen [19] by the charge exchange reaction of positronium with antiprotons [20] [21] [22] . Some experimental schemes in this area [23, 24] call for clouds of excited-state Ps atoms that interact with antiprotons to produce antihydrogen. A promising way to achieve this would be to laser excite cold ground-state Ps atoms [25] emitted into the vacuum from porous films.
The experiments we report here involve producing Ps in porous silica films using intense positron pulses. The structure of the films is such that some of the Ps created in the pores is emitted into vacuum, where it is excited to the 2P state using a pulsed laser tunable around the Ps Lyman α wavelength at 243 nm. The experiment was conducted in an axial magnetic field of 700 G and consequently Zeeman mixing of (some) excited triplet P states with singlet states increased the overall Ps decay rate. Thus, we were able to observe the 1 3 S-2 3 P excitation of Ps via changes in lifetime spectra that were correlated with the laser pulses. By making such measurements for different laser frequencies we could then observe the Doppler broadening of this transition and hence measure the Ps temperature in the direction of the laser.
II. EXPERIMENTAL PROCEDURE

A. Positronium production and observation
The experiments were carried out using a positron accumulator that has been described elsewhere [26] . This system FIG. 1. Positron beam profile measured using a phosphor screen. The size of the beam was set by applying 6 MHz to the rotating wall electric field in the accumulator and was chosen to facilitate overlap with the primary and reflected laser beams.
uses a two-stage Surko trap [27] to supply positron pulses to an accumulator wherein plasmas containing up to 1 × 10 8 particles may be generated and whose density may be adjusted by a "rotating wall" electric field [28, 29] . These plasmas are ejected from the accumulator by an ∼300-V pulsed harmonic potential, which compresses them in time [30] to a width that depends in part on the space charge potential of the plasma. For the experiments described here plasmas containing around 2 × 10 7 positrons with a full width at half maximum (FWHM) of ∼1.5 mm were used, and these typically had a time width of ∼20 ns. The positron beam profile is shown in Fig. 1 .
Upon ejection from the accumulator, positron plasmas were implanted into the Ps formation target, which was a thin silica film that is described in detail later in this article. The beam impact energy was controlled by a linear accelerator just in front of the target. The accelerator was a series of 11 annular electrodes interconnected by 1-M resistors, across which the full accelerating potential (0-10 kV) was applied. The resulting modest potential gradient prevented beam distortion and did not affect the pulse timing.
Positronium created in the target was observed using the technique of single-shot positron annihilation lifetime spectroscopy (SSPALS) [31] . A 50-mm-diameter × 40-mm-long lead tungstate (PbWO 4 ) scintillator attached to a Hamamatsu R2083 photomultiplier tube (PMT) was used [32] to detect annihilation radiation resulting from the initial positron impact and subsequent Ps decay. The center of the scintillator was located about 75 mm from the center of the Ps forming target. The output from the detector was connected directly to a 6-GHz bandwidth digital oscilloscope that was operated with a sampling rate of 20 GHz. The intrinsic time resolution of the detector was ∼15 ns, owing to the decay time of the scintillator, which was more than adequate for the present measurements. Example of single-shot lifetime spectra taken with and without Ps formation. A 1.5-kV beam incident on a porous silica film produces ∼40% Ps while a 5-kV beam implanted into a phosphor screen produces virtually no Ps. Several features present in both spectra are actually properties of the PMT (see [32] for details). In particular the bump starting at ∼400 ns is due to ion feedback and because of this we generally truncate our spectra at t < 300 ns. The spectrum taken with the phosphor screen may be considered to be the system response.
An example of a single-shot lifetime spectrum is shown in Fig. 2 . In principle such data may be decomposed and analyzed to provide the lifetime and intensity of all of the decay components that make up the spectrum [15] . For the present purposes, however, it is sufficient to compare the counts in the "prompt peak" with those at later times to obtain an approximation of the Ps formation fraction. We define the delayed fraction, f d , as 
Here V(t) is the detector output voltage, which is approximately proportional to dN/dt, where N is the number of annihilation γ rays. The delayed fraction thus defined is approximately related to the triplet Ps fraction f 3 (i.e., the fraction of incident positrons annihilating as triplet Ps) as f 3 ≈ f d e t/τ , where τ is the mean lifetime of the delayed Ps annihilation and t = 50 ns.
The emission of Ps into vacuum may be inferred from the ∼130-ns lifetime component seen in Fig. 2 , which is consistent with the 135 ns computed from the average of the 128-ns lifetime for triplet m = 0 in a field of 0.07 T [33, 34] and the 142-ns lifetime of triplet |m| = 1 Ps in vacuum, with equal weighting of the two components as dictated by the angular distribution of the 3γ annihilation photons [35] . No such component was seen in previous experiments in which similar target films were used that had nonporous capping layers on the surface to prevent Ps emission. The space between the Ps formation target and the front of the accelerator formed the effective interaction region between the laser beams and the Ps cloud.
The layout of the Ps-laser interaction region is shown schematically in Fig. 3 . Light from an enclosed laser room is directed into the vacuum chamber through fused quartz windows and is retro-reflected back into the interaction region to increase the effective laser power available. The laser light may be directed into a plastic scintillator that is also able to detect the γ -ray pulse following the positron dump, so that the relative timing between the two may be controlled. As explained further below, the distance d between the UV mirror and the vacuum chamber could be varied from a few cm to more than 5 m in order to provide either a single pulse (with nearly double the power) or two temporally separated pulses. Care was taken to avoid laser light directly irradiating the target as this can create both short-and long-lived paramagnetic centers that affect the formation and decay of Ps [36, 37] . While it is possible that some light reflected in the vacuum chamber may have hit the film, no detectable changes in the Ps formation characteristics were observed that could be attributed to the presence of laser light.
The basis of our experimental signal is the fact that when excited to the 2 3 P j (j = 0, 1, or 2) state in a magnetic field some Ps atoms will decay back to the singlet ground state, which has a much larger decay rate than the triplet state. That is, excitation at the resonant frequency ν 0 can lead to the following sequence of events (the relevant decay times are given in square brackets):
where 2 3 P j + 2 1 P 0 represents a mixture of the 2P singlet and triplet states and 2γ refers to the two 511-keV annihilation γ rays following the decay of the singlet ground state. Since this is the signal that we measure we would like to know what fraction of excited states will decay in this way. We note that magnetic quenching also occurs for ground-state Ps [11] but that much stronger fields are required to mix the ground-state triplet levels because the ground-state hyperfine interval is much larger than those of the n = 2 states.
Optical and static electric fields couple only to states of differing orbital angular momentum, whereas a static magnetic field couples only to the spin magnetic moments of the positron and electron. Irrespective of the presence of a static magnetic field, the relatively broad band laser excites the ground-state triplet positronium 1 3 S 1 states to various sublevels of the three 2 3 P j states. The static magnetic field B couples the triplet m = 0 components of the latter set to the 2 1 P 0 state with a strength x = 2µ B/h. The pure Zeeman effect in the first excited state of positronium is known in detail [38] [39] [40] . To approximate the ensuing magnetic quenching effect we assume that the 2 3 P j levels are all degenerate and separated from the 2 1 P 0 state by an effective energy ≈ 2.5 GHz. The P states are not magnetically coupled to the S states and therefore decay only via optical transitions to the ground state at a common rate γ = 3.2 ns −1 . Denoting the triplet m = 0P state as |t and the singlet P state as |s the simplified Hamiltonian is then
Assuming the P states start as pure triplet, the subsequent evolution of the state is
The fraction of the annihilations that proceed via 2 γ 's from the ground singlet state is then
using the fact that γ . Including the m = ±1 states, the fraction of all the excited P states that end up decaying via two photons from the singlet ground state is then 1 3 Q ≈ 0.12. The actual signal observed will be somewhat larger given that our laser pulse is significantly longer than 3.2 ns so that multiple transitions are possible for a given atom.
B. Porous silica target
The porous silica films were prepared using the cationic surfactant cethyl trimethylammonium chloride (CTACl) as pore generator agent and tetraethoxysilane (TEOS) as the mineral source for the silica network skeleton. The sol-gel process used a pure aqueous evaporation-induced self-assembly (AEISA) method [41] , with a CTACl/TEOS molar ratio of 0.22. The films were deposited on a 0.15-mm-thick standard borosilicate microscope cover glass using spin coating at 1000 rpm. The surfactant was removed by heating the films at 450
• C in air for 15 min. The sample was mounted in the vacuum chamber for positron measurements within a few minutes after the removal of the porogen.
The film thickness was more than 600 nm and the density ρ ∼ 1.35 g/cm 3 . Positron lifetime measurements found 41% ortho-positronium reemission yield at 1-keV beam energy and 34% at 3 keV in a film grown with the same method [42] . A lifetime of ∼50 ns in the pores was measured by capping the films.
The pore diameter is approximately 2.7 nm [41] . In contrast with Ref. [41] , x-ray diffraction found no long-range order in the pore structure, although we would still expect the microscopic structure to consist of approximately spherical pores interconnected via short channels, as shown in Fig. 4 . This figure shows a representation of only two spherical pores of diameter d connected by a hole of diameter b. If the porous films retain their hexagonal close packing (HCP) structure (at least over a short range) then we would expect each pore to have 12 nearest neighbors, all of them connected in a manner similar to that shown in the figure. Thus, with pores connected by channels of diameter b we expect, just from the geometry, the mean number of collisions per pore to be C ≈ d 2 /3b 2 . The spacing between pores, , is the mean free path for Ps atoms that tunnel from pore to pore (which is discussed in more detail later in this article). This is given by the pore diameter plus the wall thickness and may be determined from the mean density of the porous material. For hollow spheres of diameter d and nearest neighbor distance in a HCP arrangement within a material of density ρ 0 , the average density is approximately ρ
61 we obtain ≈ 1.24d = 3.3 nm [43] .
C. Laser systems
The UV light used for the experiment was produced using a tunable Nd:YAG-pumped dye laser system that was capable of providing light over a range of 243 ± 5 nm. All the lasers and most of the optics were contained in an especially constructed clean room adjacent to the positron beam. A Q-switched Nd:YAG laser (Continuum Surelite I-20) with second-and third-harmonic generators was used to provide 532-and 355-nm light pulses, respectively, with a 7-ns time duration (FWHM). This laser was pumped by flash lamps which were fired continuously at 20 Hz in order to keep the temperature of the YAG rod stable, but were Q-switched at lower repetition rate in coincidence with the positron beam as required. After separating the fundamental and two harmonic outputs, the 532-nm pulse was used to pump a Spectra Physics PDL-1 tunable dye laser using LDS 765 dye to produce 772-nm light. The tunable 772-and 355-nm (third harmonic of Nd:YAG) pulses were telescoped to the same spatial size and overlapped temporally and then frequency summed in a phase-matched β-barium borate (BBO) crystal to produce pulses of 243-nm light [44] . The dye laser was tuned simultaneously with the phase-matching angle of the BBO to produce tunable 243-nm pulses with energies of up to 350 µJ per pulse.
The 243-nm wavelength was measured using ∼10% of the total output in a SPEX 0.75 m Czerny Turner spectrometer with 10-µm entrance and exit slits using a 1200 lines/mm grating in fifth order. The spectrum was calibrated against the He-Ne laser line at 632.816 nm in second order from the diffraction grating. This arrangement had a resolution of 0.0015 nm and an absolute accuracy limited by the collinear alignment of the HeNe and 243-nm laser beams which we were careful to align better than 20 µrad to limit misalignment errors to ∼0.005 nm. When the dye laser was operated using its grating in third order, the 243-nm linewidth was 0.002 nm and was 0.02 nm when the grating was used in first order. In the experiments reported here we used the 0.02-nm linewidth output in order to increase the signal to a useful level. The 243-nm beam was guided to the Ps formation chamber (see Fig. 3 ) using KrF (248 nm) dielectric mirrors and a pair of fused silica lenses. A schematic of the optical layout of this system is shown in Fig. 5 . Note that all laser wavelengths are measured in air.
III. RESULTS
Single-shot lifetime spectra [31] were used to measure the formation of Ps in vacuum and to observe the interactions of resonant laser light with these atoms. figure. Implanting the positron beam deeper into the sample reduces the amount of Ps that subsequently escapes into the vacuum. Note that in this and subsequent spectra V (t) is given in volts. In fact the spectra have all been normalized to a peak height of 0.4 V. However, the individual peaks were all within ∼10% of this value and V (t) is a close approximation to the actual detector output voltage measured following a 9-dB 50 attenuator.
Ps emitted into the vacuum varied with the incident positron beam energy, as may be seen in Fig. 6 [see also Eq. (1)]. At higher energies positrons are implanted deeper into the sample, and it is therefore more likely that positronium will annihilate via interactions with the walls before diffusing out into the vacuum. By the same token, increased interaction with the walls also means that the mean temperature of emitted Ps atoms will decrease with increasing beam energy, as discussed later.
When the laser is fired tuned to the Ps 1 3 S-2 3 P resonance, lifetime spectra such as those shown in Fig. 6 are perturbed by a pulse of increased annihilation rate due to the resonantly excited 2P states that are Zeeman mixed with short-lived singlet states. This increase in the annihilation rate is shown in Fig. 7 , along with laser pulses that were measured separately using a plastic scintillator. Two laser pulses are shown in the figure, the primary and reflected (see also Fig. 3 ). Each of these excites Ps atoms and causes a momentary increase in the annihilation rate, but for many of our measurements the two laser pulses were almost simultaneous. In either case, however, we observed that after the laser-induced increase in the annihilation rate the total amount of Ps remaining was reduced, evidenced by the slightly lower value of V(t) at later times compared to that obtained without the laser. We note that when the reflected pulse was delayed the returning beam diameter was almost three times larger and covered a greater area of the Ps cloud.
In order to quantify the increased annihilation rate, lifetime spectra with and without laser interactions were compared and difference curves obtained, as shown in Fig. 8 . The area of the peaks in the difference curves was taken to represent the number of Ps atoms excited by the laser. Note that neighboring data points are not completely statistically independent due to the 15-ns decay time of the PbWO 4 scintillator. When the primary and reflected laser pulses overlapped [as in Fig. 8(a) ], the region just in front of the peak Single-shot lifetime spectra with and without resonant light interacting with vacuum Ps. The laser pulses shown were detected using a plastic scintillator into which the light was deflected; the primary and reflected light pulses were both measured separately and neither could be measured simultaneously with the lifetime spectra. These data are intended to indicate the relative arrival times of the pulses. For most of the linewidth measurements the second laser pulse was delayed by less than 1 ns, forming in effect a single pulse. Note that the laser pulse width was actually ∼7 ns wide (FWHM) and not almost 10 ns as implied by Fig. 7 . This was due to a long cable partly integrating the detector signal recorded by the oscilloscope. The lifetime spectra are averages of 10 individual shots.
position (70-90 ns) was used as the background for integrating the peak [45] . When the two laser pulses were temporally separated [as in Fig. 8(b) ], the region from 150-170 ns was used as the background for integrating the second peak. For   FIG. 8 . Single-shot lifetime difference curves obtained with one overlapping resonant laser pulse (a) and both incident and reflected resonant laser pulses, the latter having been delayed by ∼40 ns by virtue of an extended path length (b). Data of this type were used to obtain the magnitude of the Ps excitation signal. In both cases the long time signal after the laser pulse is negative, indicating that the total amount of Ps remaining after irradiation is less than would have been the case without any laser interactions. The original data have been summed into 5-ns bins, and the error flags represent the standard deviations of the mean of ten measurements. Neighboring data points are correlated due to the 15- the "single-pulse" measurements the laser power was fixed at 100 µJ/pulse, while for the separated pulse measurements the power was increased to ∼250 µJ/pulse.
The Doppler-broadened linewidth of the 1 3 S-2 3 P transition of positronium was measured from spectra obtained by plotting the areas of the difference curves as a function of the laser wavelength. At each wavelength the mean and standard deviation of the mean of the signal amplitude was determined by averaging over a set of ten shots. The average laser power was measured for each frequency at a repetition rate of 20 Hz, and the data were normalized accordingly. A selection of lines measured in this way is shown in Fig. 9 . The lines were fitted using a Gaussian distribution of Doppler-shifted resonant wavelengths,
where λ 0 ≈ 243 nm is the resonant wavelength of the 1 3 S-2 3 P transition in the rest frame and v 2 x is the mean square velocity in the x direction. The Doppler line shape FWHM, λ, divided by the resonant wavelength, λ 0 , is
Analyzing the data of In order to check whether or not there might be differences between measurements made at different times with respect to the Ps formation, linewidths were also measured using two laser pulses separated in time, as shown in Fig. 7 . Two pairs of linewidths were measured at beam energies of 1.6 and 4.5 kV, shown in Figs. 11(a) and 11(b), respectively [46] . We obtained the same FWHM (within uncertainties) for the 4.5-keV case, with (0.143 ± 0.010) nm for the primary beam and (0.164 ± 0.013) nm for the secondary beam. The low-energy case exhibited a 1.5 standard deviation difference between the two, with FWHM equal to (0.206 ± 0.018) nm for the primary pulse and (0.281 ± 0.029) nm for the secondary pulse. The line centers match exactly within errors. For the 1.6-keV measurements we obtained wavelengths in air of (242.924 ± 0.011) nm and (242.924 ± 0.013) nm for the primary and secondary pulses, respectively, and for the 4.5-keV case we measured (242.946 ± 0.008) nm and (242.940 ± 0.009) nm for the primary and secondary pulses, respectively. One might have expected that faster atoms should be detected first and that we should have observed an increased linewidth using the primary (earlier) laser pulse. The fact that we observe no evidence for this probably means that the effective volume in front of the target covered by the laser was larger than might be expected from the observed beamwidth of ∼6 mm, due to the high degree of saturation of the transition, making it possible to excite Ps atoms efficiently far out in the wings of the beam profile. This would also explain why we are able to detect both fast and slow Ps with similar efficiencies.
Our 12 measured line centers yield an unweighted mean and standard deviation of the distribution (corrected for the refractive index of air n = 1.00027) of (242.998 ± 0.016) nm, 1.4 standard deviations less than the vacuum wavelength 243.021 nm of the 1 3 S 1 -2 3 S 1 interval measured by Chu, Mills, and Hall [47] .
IV. DISCUSSION
A. Measurements
Although Ps has been routinely produced experimentally for decades [3, 48] and can easily be produced at thermal temperatures in ultra-high vacuum conditions using slow positron beams [49] there have been few experiments involving Ps laser spectroscopy [50] . This is largely because positronium atoms are in general produced at low intensities and the resulting signal is therefore very weak. Nevertheless, highprecision measurements of the 1 3 S 1 -2 3 S 1 transition of Ps have been carried out by Chu et al. [47, 51, 52] . This transition was observed via a two-photon excitation and was therefore Doppler free (to first order). The optical saturation of the 1 3 S 1 -2 3 P J transition [53] as well as the production of high n states [54] of Ps were observed by Ziock et al. using a broadband laser.
The relatively small change in the Ps lifetime spectra caused by laser excitation (see Figs. 7 and 8 ) is mostly because of the very large Doppler-broadened linewidth of the transition. This is an inevitable result when dealing with Ps which is orders of magnitude lighter than other atoms. The maximum (resonant) absorption cross section for a two-level atom with absorption wavelength λ 0 is [55] 
For the 1S-2P transition in positronium this wavelength is 243 nm, which gives a resonant cross section of ∼3 × 10 −10 cm 2 . We can estimate the laser intensity I sat required to saturate this transition from the simple steady-state case using [55] 
where τ 2P is the lifetime of the 2P state (3.2 ns). This gives I sat ∼ 0.5 W/cm 2 , or approximately 3.5 nJ per linewidth for a 1-cm 2 7-ns wide pulse. The natural 1S-2P linewidth is 1/2πτ 2P = 50 MHz, so that the energy per pulse needed to saturate the transition is ∼( laser /50 MHz) × 3.5 cm −2 = 2000 × 3.5 nJ cm −2 = 7 µJ cm −2 for our broadband 243-nm laser pulses with laser = 100 GHz (see Fig. 9 ). The amplitude of the observed signal increased by around 50% when the power was increased from 100 to 200 µJ (with an ∼6-mm beam diameter), which is much more than the aforementioned estimate of I sat . Our signal is, however, consistent with the measurements and Monte-Carlo simulations of Ziock et al. [53] who found that their signal did not approach saturation until the laser power was increased to more than 200 µJ cm −2 . The actual dependence of the signal on the laser power will depend on the details of the spatial and frequency characteristics of the laser as well as on the dynamics of the excitation and annihilation processes [40] .
Of all the Ps atoms irradiated by the laser we would expect <10% to be in resonance (since the laser width is <10% of the Doppler-broadened linewidth). Also, only triplet 2P states that mix with the singlet states will be detected, which cuts the signal down by another factor of 10 [see Eq. (5)]. Moreover, if there is an electric field in the direction of the magnetic field (which could occur due to charging of the sample substrate) then some 2P states could be Stark shifted into 2S states, which are long-lived and therefore not detected [40] . We could, however, observe all 2P atoms by photo-ionizing them with approximately 100 mJ/cm 2 of 532-nm light [52] , which will be done in future work. This method will also be necessary if one wishes to observe Ps in a magnetic-field-free region, as may be required in similar experiments to observe molecular positronium [17, 56] .
B. Ps cooling
The cooling of Ps in gases, powders, and porous materials has been studied for many years using a variety of experimental methods [57] [58] [59] [60] [61] [62] . A model developed by Nagashima and co-workers to describe Ps energy loss by collisions (with gas atoms or grains in powders) has been able to successfully describe Ps cooling rates in materials with mean free paths ranging from 5 to 70 nm [63] . This model is classical and describes ground-state Ps atoms losing energy through repeated collisions with heavier particles. While this may be an appropriate description for systems involving what are in effect free particles colliding with large grains or gas molecules, it may not apply in the case of Ps confined to small pores. Indeed, if the Ps de Broglie wavelength at kinetic energy E Ps ,
is close to the size of the pores, then a classical model may not properly describe Ps cooling or diffusion as they will be dominated by quantum effects. In particular, the energy levels of Ps in the pore must be taken into account, diffusion between interconnected pores may proceed predominantly through tunneling processes, and energy transfer to the surrounding material will depend on the overlap of the Ps wave function with the internal pore surfaces and any atoms or molecules that may reside thereon [62] . Ps is emitted from the bulk material into the pores with an energy of at least 1 eV, and possibly as much as 3 eV. Nagashima et al. [64] have attributed peaks observed at 1 and 3 eV to bulk and surface emission, respectively. In fact, various emission energies have been observed, all in the range of 1-3 eV [65] [66] [67] [68] . The exact value in a given sample may depend on surface chemistry or bulk impurities. We can say that the Ps emission energy will be at least 1 eV, which means that upon emission the de Broglie wavelength is less than 1 nm, while the pore diameter is almost three times larger, and so initially a classical approximation may be adequate. However, as the Ps cools and the wavelength becomes comparable to the pore size this is no longer the case. We have then a slightly unusual system that starts off in a classical regime and ends up being entirely quantum mechanical in nature. The cooling process happens fairly quickly [see Eq. (23)] and essentially stops when the Ps wavelength is close to the pore size. Conversely, the motion of Ps that is not implanted near the surface occurs mostly after the cooling has stopped. This means that we can, broadly, consider the cooling to be a classical process and the diffusion of cooled Ps to be a quantum process.
We assume, just as in the classical model, that Ps atoms of total energy E Ps lose energy via interactions with a surface [63, 69] such that after each interaction the energy changes by
Here E min is the minimum mean total energy of a thermalized Ps atom in a pore, and α is the fractional energy loss per interaction, ∼8 × 10 −5 based on the relative mass of Ps and the atomic constituents of SiO 2 [69] . After N interactions the mean Ps energy will be
where E i is the initial energy with which the Ps was emitted from the bulk material, and we have assumed that E i E min . The Ps is formed by implanting positrons at a kinetic energy K into the target, which results in a mean implantation depth given by [70] 
Here K is in keV, ν ≈ 1.7, A = 2.81 µg/cm 2 [71] , and ρ = 1.35 g/cm 3 is the average target material density. For a classical particle bouncing off the pore walls we would assume that the Ps atoms diffuse toward the surface with a velocity-independent mean free path , such that the average number of collisions upon reaching the surface is
Here C is the mean number of collisions that take place in each pore. The mean free path in this case is the pore spacing, (see Fig. 4 ). The final energy E Ps of the Ps after reaching the surface, in terms of the positron implantation energy K, will be given by
In fitting Eq. (15) to the data shown in Fig. 10(a) we must remember that the total Ps kinetic energy of Eq. (15) includes components associated with motion in all directions. We therefore multiply the data of Fig. 10(a) by some factor η to account for the fact that the measurements are made in only one direction. The fit then yields E i = η(0.65 ± 0.03) eV, Q = 0.49 ± 0.03, and E min = η(41.7 ± 2.7) meV. The value of E i is consistent with the emission energies observed in other experiments for η in the range of 1.5-4.6 [64, [66] [67] [68] . We return to the discussion of E min later in this article. The measured value of Q implies that the mean number of collisions per pore is C = 7. This in turn implies that b, the diameter of the hole between pores, is ∼0.6 nm (see Sec. II B). For a channel diameter of this size we would therefore expect that diffusion will proceed primarily via tunneling for Ps energies below around ∼3 eV, which would mean that this is the only way for Ps atoms to move around in a sample such as that used here. This reiterates the quantum nature of this system and the need for caution when employing a classical approximation. The cooling of Ps in porous films and subsequent emission into vacuum has been studied several times before via Ps time-of-flight (TOF) measurements [66, 67] . Similar behavior of the Ps energy as a function of the implantation beam energy has been observed, including one measurement made with a sample identical to that used in this work, in which a minimal energy above thermal levels was also seen [72] . Yu et al. [66] observed the same qualitative Ps energy dependence on beam energy for two different samples, but found that the sample with the largest pore sizes gave the hottest Ps energy at high implantation energy, which is not in accord with our model of Ps confinement. However, a second sample with slightly smaller pore sizes exhibited essentially the same energy dependence, with a lower limit of ∼70 meV for 4-keV incident positrons. This was attributed to different cooling rates due to different pore structures, although the form of the data looks very much like our observations.
Ito et al. [67] observed Ps cooling in one sample to near thermal energy (50 meV) but the data are not sufficiently unambiguous to distinguish between incomplete thermalization and a lower "temperature" limit due to confinement. The pores were estimated to be approximately 2.2 nm in diameter, although this estimate is model dependent and the actual pore size could well be significantly larger. Tanaka et al. [73] observed similar results and attributed the form of the Ps cooling to a bimodal pore structure resulting in an energydependent tortuosity [74] , and hence cooling. However, we believe that this is incorrect since identical cooling has been observed in films that are not expected to have bimodal pore structures.
C. Ps confinement energy
As Ps cools by collisions in porous media the interaction rate with the walls decreases, and thus the cooling rate must also decrease, which can lead to incomplete thermalization [63] . However, even under these circumstances the measured temperature of emitted Ps would still be expected to decrease as the implantation depth is increased because only Ps that was able to escape into vacuum was excited by the laser; Ps atoms that were trapped in the sample were not part of the signal. As the implantation energy is increased, atoms that are able to escape, while fewer in number, must necessarily interact with the walls as they diffuse to the surface, and hence should continue to cool down to thermal temperatures. However, the data unambiguously indicate that rather than continuing to cool to thermal levels the Ps energy relaxed to a constant value that was significantly higher than we would expect from a room-temperature sample. We suggest that, since the energy difference between the ground and the first excited state of Ps confined in the pores is much greater than kT, the minimum Ps energy is simply its confinement energy.
The lowest energy state of a Ps atom confined in an idealized spherical pore of radius a and diameter d = 2a is
For an effective pore diameter of 2.4 nm (taking into account the fact that the Ps center of mass can get no closer to the wall than a mean radius ∼ 0.16 nm) [13, 75] , E 0 = 131 meV. Thus, the Ps is emitted into vacuum with a kinetic energy E min equal to E 0 . Note that E min has no significant thermal component because the excited states are largely inaccessible at room temperature. In order to properly compare the confinement energy E 0 with the value of E min = η(41.7 ± 2.7) meV obtained from the fit to Fig. 10(a) we need to know something about the parameter η. If we were simply considering a thermal Maxwell-Boltzmann distribution we would expect the energy to be distributed equally in all directions, and therefore also η = 3. However, in the present case there is no thermal distribution, and we have monoenergetic Ps (with velocity v 0 ) that is emitted from the surface by randomly orientated pores. We assume that this emission occurs with an angular distribution proportional to cosθ , where θ is the angle of emission relative to the normal to the surface which is the v z axis. The projection of this distribution onto the v x -v y plane is a constant density. The projection of this in turn onto the v x axis is proportional to 
that is, η = 4. Our data seem to imply that η ∼ 3, which could mean that the angular distribution differs from cosθ , or that the pore diameter is ∼10% smaller than expected.
D. Ps diffusion
The amount of Ps that manages to diffuse to the sample surface and escape into the vacuum is shown in Fig. 10(b) . Positron diffusion in bulk materials has been extensively studied for many years [76] . Usually one considers thermalized positrons diffusing to a surface (with a constant diffusion coefficient) where they may form positronium. The present situation is rather different from the usual case of diffusion in that the Ps diffusion coefficient is changing as E Ps decreases with time, precluding a precise closed-form expression with which to describe the data in Fig. 10(b) . We obtain a simple expression for the positronium yield as a function of implantation energy K by assuming that the diffusion coefficient is simply a function of the emitted Ps kinetic energy E Ps :
The triplet Ps yield is then [77] 
At high implantation energies where D Ps has become constant, this expression is equivalent to the familiar expression [70, 76, 78] 
where K 0 is the implantation energy at which half of the positronium is able to diffuse to the surface (the "half energy") [44] . Here f 0 is the branching ratio for Ps formation at the surface (modified to reflect the fact that f d is not the exact Ps fraction). For lower positron impact energies, Eq. (20) does not fit the data very well, primarily because the Ps is then not thermalized and E P s and the diffusion coefficient both depend on K as in Eqs. (15) and (18) . Combining Eqs. (13), (15), (18) , and (19) we obtain
Equation (21) fits the data of Fig. 10(b) quite well. At low positron implantation energies (i.e., for K < ∼2 kV) the energetic Ps diffuses rapidly so that the emitted fraction f d hardly changes at all until the Ps energy falls below around 50 mV. For Ps at a constant energy (i.e., for K > ∼2 kV), the diffusion coefficient D Ps does not change significantly with implantation depth and the emission characteristics are very similar to those ordinarily observed for positron diffusion. For comparison we also show in this figure a fit of the same data for K > 4 kV to Eq. (20) . At higher energies (where we expect the diffusion coefficient to be constant) the two fitted curves are identical, but for hotter Ps, where this is not the case, they diverge. When K = K 0 the implantation depth is approximately equal to the mean diffusion length L ≡x(K 0 ), so that [cf. Eq. (13)]
where τ L = τ/2 is the mean time for Ps to reach the surface from a depth L. The Ps lifetime in the pores was directly 012715-9 measured using a sample identical to that used in this work apart from a capping layer [42] . The measured value of τ = 50 ns is consistent with the 2.7-nm pore size [13] 
For energies less than 2 keV, such that the Ps has not thermalized in the pores, the emission times will be about 100 times shorter. It should therefore be possible to produce thermalized short-lived positronic objects in a porous target such that the products (singlet Ps, Ps + , Ps − , Ps 2 , or even other Ps or positron-atom compounds [79, 80] ), can escape into vacuum for spectroscopic experiments before annihilating.
V. CONCLUDING REMARKS
To summarize, when positrons are implanted into porous silica films positronium may be created which is subsequently able to escape into the vacuum if the pores are interconnected and the film is not capped. The amount and temperature of such positronium depends on the incident beam energy, since deeper implantation means more collisions before emission.
We have measured the energy of Ps emitted from such a film (in one dimension) using Doppler spectroscopy of intense bunches of Ps atoms. This methodology also demonstrates that we can generate bunches containing large numbers of excitedstate atoms, which will be necessary for Ps laser cooling as well as experiments involving Ps 2 and antihydrogen. For the production of cold Ps in the manner described here our data indicate that a porous sample would need to be composed of pores with a diameter greater than 10 nm in order to produce Ps in vacuum with effective temperatures less than 100 K [81] .
Applying a simple model we have been able to describe the Ps emission temperature and fraction with surprising efficacy. The model describes Ps cooling via interactions of confined Ps with the surrounding medium and explains the emission of hot Ps via a temperature-dependent diffusion coefficient. This model is a crude approximation, however, and a full quantum mechanical treatment is required to properly describe the regime in which Ps is confined in a system whose dimensions are of the same order as the Ps de Broglie wavelength [82] . A lower limit to the Ps emission energy was observed that is consistent with the conversion of the ground-state energy of Ps confined in the pores to kinetic energy following emission into vacuum. Using films with an ordered pore structure this mechanism could provide a method for producing almost monoenergetic Ps in vacuum, which may be useful for spectroscopy and scattering experiments [83] .
In future work we will measure the laser power transmitted through the target chamber on a shot by shot basis so as to know the applied power exactly. We also plan to stabilize the laser room temperature and include continuous measurements of the laser frequency so that we can measure absolute values for line centers. In the present case this was not very important as the Ps Lyman α frequency is very well known, but we also intend to measure the energy intervals to the Ps 2 excited states [84, 85] . Knowledge of these frequencies can be compared directly to calculations and it should be possible to measure them to a precision of ∼10 ppm. Clearly for these measurements we will need to know the absolute laser frequency as accurately as possible.
TOF measurements using a sample identical to that used here as well as one with larger pore size are in agreement with the present work [72, 86] ; it was found that Ps was emitted with a minimal energy above kT /2 whose value decreased when a larger pore size was used. Detailed studies of the Ps temperature for high-impact energies using a range of different pore sizes should help to elucidate the mechanisms leading to the conversion of the zero point energy to free Ps kinetic energy and also to establish whether or not this might be used as a "tunable" source of cold Ps. Such experiments would also help to understand Ps cooling in more complex structures designed to achieve very-low-temperature Ps for the production of a Ps Bose-Einstein condensate (BEC) [18] . For example, Ps cooling has been observed down to ∼50 K [87] and understanding the limiting factors in this process could help to mitigate the demanding Ps density requirements.
